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We study the dependence of magnetic and magnetotransport properties of NiFe/Cu/Co pseudo
spin-valves on the pressure of the Ar sputtering gas during magnetron deposition. The giant
magnetoresistance ~GMR! ratio as a function of the sputtering pressure behaves nonmonotonically
with a maximum of about 4% at an intermediate pressure of 0.8731022 mbar. Magneto-optic
Kerr-effect measurements reveal different coercive fields and independent switching of the Co and
NiFe layers. The structural characterization by x-ray scattering shows no significant pressure
dependence. However, we observe by atomic force microscopy a variation of the grain structure
with increasing sputtering pressure; the grain size first decreases and then the grains start clustering
for highest pressures. The reduced coercive field and the lower GMR ratio indicate that the clustered
grains have weaker magnetic pinning and increased spin-independent scattering. © 2003 American
Institute of Physics. @DOI: 10.1063/1.1563056#Giant magnetoresistance ~GMR! in spin-valves based on
different magnetic materials with different coercive fields—
so-called pseudo spin-valves—are interesting from the appli-
cation point of view for developing magnetic sensors and
magnetoresistive random access memory technologies.1
Structures consisting of magnetic layers separated by a non-
magnetic spacer ~e.g., Cu! are well known for large GMR
ratios at room temperature ~RT! and high sensitivity; that is,
large change of the resistance at small magnetic fields. The
principle involved is rather simple as one magnetic layer, the
soft layer, switches at a smaller external field than the so-
called hard layer, which gives rise to magnetic antialignment
and a change of the spin-dependent scattering rates,2,3 result-
ing in change of the resistance.
There have been various attempts to optimize NiFe/
Cu/Co pseudo spin-valves by increasing the difference in
magnetic coercivity of the two magnetic layers4,5 or by
changing the layer thicknesses.6 Recently, the influence of
the sputtering gas pressure during rf sputtering of the hard
CoFe layer in NiFe/Cu/CoFe pseudo spin-valves has been
studied.7 The increase of the GMR ratio with pressure was
associated with a small decrease of the grain cluster size.7
Thin film nucleation and formation is, apart from tem-
perature, dependent on kinetic energy and the chemical free
energy of the atoms arriving at the substrate. In the case of
sputtering, the latter parameters sensitively depend on the
plasma formed between the source and target. In particular,
the grain cluster size depends on these parameters which in
turn influences the magnetotransport properties of spin-
valves. Due to the magnetic confinement of the plasma in
magnetron sputtering, the dependence of plasma properties
such as the ionization efficiency on pressure is different from
that of rf sputtering.8 Thus, the effect of changing the sput-
tering pressure may also be quite different in the case of
magnetron sputtering compared to rf sputtering. Therefore in
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GMR ratio on NiFe/Cu/Co pseudo spin-valves by changing
the sputtering pressure of a magnetron sputtering system. In
contrast to Ref. 7, the Ar pressure is the same for all three
layers that constitute a particular pseudo spin-valve.
The pseudo spin-valves studied in the present work are
structures of NiFe/Cu/Co prepared by dc magnetron sputter-
ing. A base pressure of 131027 mbar is achieved by turbo-
molecular pumps. Samples are prepared by serial deposition
of NiFe, Cu, and Co layers onto SiO2 substrates kept at RT.
The sputtering pressure was controlled by the flow of
99.9999% Ar in the chamber. Trilayer samples labeled S1,
S2, and S3 of the structure SiO2 /NiFe ~5.0 nm!/Cu ~3.0
nm!/Co ~3.0 nm! are prepared at three different Ar pressures,
as listed in Table I. The variations of the sputtering rates
~0.037–0.056 nm/s! at different pressures are taken into ac-
count to ensure similar thicknesses of the individual layers in
all samples. In particular, the Cu spacer thickness does not
vary such that the magnetic layers are always decoupled.
X-ray reflectivity ~XRR! as well as diffuse x-ray scatter-
ing ~XDS! measurements9,10 to characterize the microstruc-
ture of the samples are performed using a Bruker-axs D8
diffractometer with Cu Ka radiation. MR are done in specu-
lar geometry ~angle of incidence Q i equal to the angle of
reflection Qr). Diffuse scattering as a function of the in-
plane component of the momentum transfer vector qx is
measured by keeping the scattering angle 2Q fixed, while
rocking the specimen around Q i5Qr . MR is measured at
RT by the conventional four-probe dc technique, and magne-
tization loops are recorded by means of the magneto-optic
Kerr ~MOKE! effect at RT. The magnetic field is applied in
the plane of the sample for all measurements. Atomic force
microscopy ~AFM! measurements are performed in tapping
mode using a multimode SPM from Digital Instruments.
Figure 1~a! shows the XRR data of the specimens pre-
pared at different sputtering gas pressure together with their
fits. The specular reflectivity spectra are fitted using Parratt’s
formalism11 with the following variables: ~i! the individual
layer thicknesses and ~ii! the average rms interface roughness5 © 2003 American Institute of Physics
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same for all samples and that there is no significant variation
of the interface roughness with pressure, s interface5(0.45
60.05) nm. The diffuse scattering measurements provide in-
formation about the in-plane structure of the interfaces,
which can be described in terms of the height–height corre-
lation function




d2rz~rW !z~rW 1RW !, ~1!
where RW 5(R ,q) is an in-plane vector in the integration area
A , and z(RW ) the height profile. In XRR analysis, C(R) is
often parameterized in the form
C~R !5s interface2 expF2S uRuj D
2hG , ~2!
FIG. 1. ~a! Specular XRR scans, ~b! MOKE hysteresis loops, and ~c! MR
for spin-valves S1, S2, and S3 prepared at different Ar pressure. The curves
in ~a! are vertically shifted for the sake of clarity.
TABLE I. The GMR ratio, saturation resistance Rs , average feature size,
and surface roughness ssurface of spin-valves S1, S2, and S3 prepared at
different Ar pressures. The GMR ratio is defined as (R02Rs)/Rs , where Rs













S1 0.34 2.5 0.139 180 1.3
S2 0.87 4.0 0.012 78 0.3
S3 1.70 1.3 0.116 229 2.0Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject towhere j is the in-plane correlation length, and h is the fractal
dimension that describes the jaggedness of the interface.9 We
use the model of Ming et al.12 to fit the XDS data, and obtain
j5(300620) nm and h50.560.2. There is no significant
variation with pressure.
Figure 1~b! shows the MOKE data of the samples. Two
distinct separate hysteresis loops corresponding to NiFe
~smaller coercivity! and Co ~larger coercivity! are seen for
the low sputtering pressures, that is, for S1 and S2. Only a
weak, but still well-defined separation is seen for highest gas
pressure, that is, for S3. The almost equal vertical position of
the plateau due to antialignment for all three samples indi-
cates that the fraction of the sample with antiparallel align-
ment ~or the degree of antiparallel alignment! is constant.
The corresponding MR curves are plotted in Fig. 1~c!. The
reduced coercivity of S3 is here reflected by a narrower field
range of the high-resistance state. Note, that the GMR ratio
for S2 is higher than that of S1 and S3. Thus, the GMR ratio
shows a nonmonotonic dependence on the sputtering pres-
sure. This behavior correlates with the different topographies
visible in the AFM micrographs in Fig. 2. The lower parts
show the height–height correlation function C(R) of the sur-
face profiles, from which we determine the typical size of the
surface features. Evenly distributed grains of 180 and 78 nm
are observed for S1 and S2, respectively. For S3, however,
we observe a different surface morphology with larger con-
geries or clusters of small grains with an average size of 229
nm and voids in between. Note, that the vertical range for
Fig. 2~c! is 4 times larger than for Fig. 2~b!. The variation of
ssurface @determined from Eq. ~2! using C(0)5ssurface2 ] sup-
ports the topological changes from large and small grains in
Figs. 2~a! and 2~b!, respectively, to an arrangement of grain
clusters in Fig. 2~c!. These changes do not affect the struc-
tural parameters determined from x-ray scattering, probably
because these are dominated by the SiO2 /NiFe interface that
yields the highest contrast. On the other hand, the volume
sensitive saturation resistances Rs clearly reflect the struc-
tural differences. Rs of sample S2 is about one order of mag-
nitude smaller than those of samples S1 and S3. The depen-
dence of the GMR ratio, dc saturation resistance (Rs),
average feature size ~from AFM!, and rms surface roughness
(ssurface from AFM! on the Ar pressure are summarized in
Table I.
In 1974, an electron microscopy study of thick
(’mm), sputtered layers of various metals ~Cu, Fe, etc.! by
Thornton13 has revealed grain structure dependence on vari-
ous factors such as the substrate temperature, deposition
rates, Ar pressure, and thickness of the layers. Thus, in the
present case, there is a wide range of possibilities for the
varying grain structure formation as a function of the Ar
pressure.
The deposition rates used in our study ~0.037–0.056
nm/s! are one order of magnitude lower than usually
reported,7,13 and the substrate heat load is low. The tempera-
ture is not expected to increase significantly above RT or to
vary with Ar pressure. The slight decrease of the deposition
rates with increasing Ar pressure, while all other parameters
are kept constant is due to the accumulation of charged par-
ticles near the target caused by magnetic confinement and
due to more collisions between the ejected particles and the
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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spin-valves ~a! S1 ~gray-scale range 5.0 nm!, ~b! S2 ~gray scale range 2.5 nm!, and ~c! S3 ~gray scale range 10.0 nm!. Arrows mark the first correlation
maxima which yield a measure for the typical lateral feature size. Gray curves in ~a! and ~b! are vertically magnified by a factor of 10.Ar gas. The mean free path varies in the pressure range from
0.34 to 1.7031022 mbar between about 3 and 0.5 cm14 and
is always smaller than the target–substrate separation of 6
cm. The pressure increase results in a lower average energy
and a broader angular distribution of the particles arriving at
the substrate.13 The reduced energy leads to less surface mo-
bility of the deposited adatoms and a higher nucleation den-
sity. Therefore, the grain size decreases with pressure and the
grain density increases. This behavior is clearly observed for
samples S1 and S2 in Figs. 2~a! and 2~b!. The broadening of
the angular distribution eventually leads to intergrain
shading,13 which gives rise to a morphology with hillocks or
clusters and voids on a length scale larger than the grain size.
We relate the undulated topography of sample S3 in Fig. 2~c!
to this intergrain shading effect. The smooth surface of the
depicted hillocks indicates that they consist of small grains.
Both effects—reduction of grain size and intergrain
shadowing—are possibly assisted by an increasing amount
of absorbed Ar atoms at higher pressure.13 The clusters in
Fig. 2~c! might be the precursor for the formation of the open
columnar structures observed at comparable low deposition
rates and similar Ar pressure for thicker films.13,15 The in-
crease in Rs by almost one order of magnitude for highest
and lowest pressures ~Table I! supports the described struc-
tural changes with voids or high-resistive boundaries be-
tween large grains for S1 and between grain clusters for S3.
Intergrain magnetic interactions within grain clusters of the
NiFe and Co layers may cause incoherent magnetic reversal
rotation16 of the clusters, which explains the lower coercivity
for sample S3 @Fig. 1~b!#.
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spin-valves prepared by dc magnetron sputtering has been
optimized using an intermediate Ar pressure. The nonmono-
tonic dependence of the GMR ratio on Ar pressure results
from ~i! the grain size variation and ~ii! the onset of grain
cluster formation due the intergrain shading. Both effects
have an influence on the spin-independent scattering rate as
reflected by variations of the saturation resistance.
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